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ABSTRACT OF THESIS

CONSTRAINING BOUNDARIES AND EXTENT OF THE CHARLESTON UPLIFT,
NORTHEAST NEW MADRID SEISMIC ZONE, USING SHALLOW SEISMIC
REFLECTION METHODS

A recently identified 30 km by 7.2 km subsurface stratigraphic uplift, called the Charleston uplift,
exhibits 36 m offset of Paleogene-Quaternary unconformity based on shallow borehole data.
Two seismic soundings demonstrated relief in Paleozoic and Cretaceous reflectors across the
northern boundary of the uplift, suggesting a structural origin rather than an erosional origin.
This study collected and analyzed 18 additional shallow seismic soundings to confirm Paleozoic
and Cretaceous offset across the boundaries of the uplift, to better constrain the surface trace of
the uplift, and to examine potential extension into western Kentucky. One ground penetrating
radar profile was taken in western Kentucky to image recent deformation. Results confirm
Paleozoic and Cretaceous offset along the boundaries of the uplift and indicate extension of the
uplift into western Kentucky, although recent deformation was unconfirmed by the radar profile.
These data support a structural origin. The N46°E trend of the uplift as well as its coincidence
with contemporary microseismicity suggest that this feature may be related to the New Madrid
seismic zone, specifically the New Madrid North fault, which may have implications for hazard
assessment, as well as possible a reevaluation of the epicenters for the 23 January 1812 Mw ≥ 7.0
event.
KEYWORDS: Charleston uplift, New Madrid seismic zone, New Madrid North fault, seismic
reflection, geophysics, Mississippi embayment
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CHAPTER 1. INTRODUCTION
1.1 Problem Statement and Project Background
This project aims to better constrain the boundaries and extent of the recently discovered
Charleston uplift, a subsurface stratigraphic uplift extending from near Sikeston and East Prairie,
MO, trending N46°E to Cairo, IL, and passing beneath Charleston, MO (Figure 1.1) (Pryne et al.,
2013). Electric and lithologic log data from 517 shallow (91 m) lignite exploration wells across
southeastern Missouri revealed 36 m offset of the Paleogene-Quaternary unconformity.
Furthermore, two seismic soundings collected on either side of the interpreted northern boundary
indicated offsets of 60 m, 47 m, and 19 m across the tops of Paleozoic, Late Cretaceous, and
Tertiary, respectively. Boundary locations were based on data from these exploration wells, set at
1.6 km spacing.
This project also explores whether the 30 km by 7 km uplift is an erosional feature, or a
structural, fault-bounded feature as suggested by Pryne et al. (2013). An erosional origin implies
scour of Paleocene strata on two sides by Eocene and Pleistocene glacial meltwater paleochannels
that were former courses of the ancestral Ohio River, leaving behind a thin ridge (Figure 1.2).
Such a hypothesis is analogous to arguments made for the formation of Sikeston Ridge (Pryne et
al., 2013; Rittenour et al., 2007). However a structural origin is hypothesized for the Charleston
uplift, because of the following: 1) two seismic soundings from the original study revealed
coincident offset across the deeper Cretaceous and Paleozoic boundaries, and it is unlikely that
relatively recent fluvial drainage patterns eroded these older and deeper strata without the
occurrence of fault-induced uplift; 2) the boundaries for the Charleston uplift are coincident with
northeast-trending patterns of contemporary epicentral microseismicity (Figure 1.3), as well as
with northeast trending lineaments near Farrenburg, MO called the Farrenburg Lineaments.
Baldwin et al. (2002) interpret these lineaments as surface expression of coseismic surface
rupture along the New Madrid North fault (NMNF) during the 23 January 1812 earthquake; 3)
the course of the Mississippi River as it approaches Cairo, IL and the northern boundary of the
Charleston uplift exhibits an anomalous, tortuous meander bend similar to the Kentucky Bend
meander in the central New Madrid seismic zone (Figure 1.4). The Mississippi River along the
Kentucky Bend wraps around the fault-controlled Lake County uplift and once exhibited
waterfalls associated with surface rupture during the 1811-1812 New Madrid earthquake
sequence. The similar meander characteristics near Cairo suggest the Mississippi River is being
deflected around a faulted and uplifted section of bedrock homologous to Kentucky Bend.
Individually, none of these reasons provide definitive proof for a structural origin; however,
collectively they provide the basis for a reasonable hypothesis.
1

The seismotectonics of the study area, near the junction of two late Precambrian to early
Paleozoic rift systems and coincident with an active seismic zone, are complex and poorly
understood (Rogers and Karadeniz, 2010; Woolery and Almayahi, 2014). Geologic structure, in
particular, is poorly constrained due to the masking effect of the thick Mississippi embayment
sediment (Woolery and Street, 2002; Bexfield et al., 2006; Van Arsdale et al., 2013).
Additionally, lack of deep drilling in the region limits the understanding of unit thicknesses and
their variation throughout the region (Bexfield et al., 2006, Cox et al., 2000). Therefore, nearsurface geophysical methods are well-suited for characterizing subsurface geometry, including
structural deformation, in the northern Mississippi embayment. Much of what is known about
seismogenic faults located in the adjacent New Madrid seismic zone (NMSZ) comes from
seismic-reflection imaging and epicentral and hypocentral microseismicity patterns (Stauder,
1982; Chui et al., 1992; Johnston and Schweig, 1996).

1.2 Project Objectives and Significance
This study acquired a series of seismic-reflection walkaway transects across various
parts of the uplift’s interpreted boundaries to confirm the Pryne et al. (2013) surface trace (Figure
1.5). The elevations for prominent regional seismic reflection horizons (i.e. Cretaceous and
Paleozoic tops) on each of the walkaways are calculated to characterize any vertical offset
indicative of a fault-controlled origin. In addition, S-wave (SH-mode) seismic reflection
walkaway soundings and common depth point (CDP) profiles, along with ground penetrating
radar (GPR) imaging were analyzed to evaluate the potential for the northeast extension of the
uplift to pass beneath the Mississippi River into western Kentucky. Confirming a fault-controlled
uplift increases fault length for a local seismic source zone, and extending the structure into
western Kentucky provides the first definitive post-Paleozoic structural link between the two rift
systems, called the Rough Creek graben and Reelfoot rift.

1.3 Geologic Background
The study area lies within the northernmost portion of the Mississippi embayment, a
physiographic region extending from southern Illinois to the northern Gulf Coastal Plain,
encompassing parts of Kentucky, Missouri, Tennessee, and Arkansas (Figure 1.6) (Cushing et al.,
1964). The current geomorphic expression of the Mississippi embayment is the result of a
multiphase history of intracratonic tectonism and changes in stress regime from the Precambrian
to the Present. What today is the modern southeastern United States was a Precambrian
topographic high due to epeirogenic uplift associated with the formation of Rodinia (Ervin and
2

McGinnis, 1975; Van Arsdale, 2014). Rodinia broke apart at the end of the Precambrian, and this
area became an erosional passive margin flanking the Iapetus Ocean (Van Arsdale, 2014; Kolata
and Nelson, 1991). During the Early to Middle Cambrian, several aulacogens developed
perpendicular to the passive margin, including the New Madrid rift complex and neighboring
Rough Creek graben (Figure 1.7) (Kolata and Nelson, 1991). Within the New Madrid rift
complex lies the Reelfoot rift, the Cambrian structural precursor to the NMSZ (Van Arsdale,
2014). Rifting, subsidence, and erosion continued until the Late Cambrian, when regional
downwarping formed a cratonic embayment, and deposition occurred into the Middle Paleozoic
(Kolata and Nelson, 1991; Ervin and McGinnis, 1975).
The formation of Pangea in the late Paleozoic caused a shift to a compressional stress
regime, which reactivated faults along the Reelfoot rift, and was accompanied by doming and
igneous intrusions (Kolata and Nelson, 1991). Subsequent breakup of Pangea in the Mesozoic
created a northwest-southeast tensional field and led to normal faulting along the Reelfoot rift and
subsidence of the Gulf Coastal Plain (Kolata and Nelson, 1991; Ervin and McGinnis, 1975).
During the Cretaceous, the central United States passed over the Bermuda hot spot, causing
igneous intrusion, uplift, and ensuing subsidence and erosion with the onset of thermal cooling
(Van Arsdale, 2014). This episode of subsidence altered paleodrainage patterns and produced the
modern course of the Mississippi River as it began to flow in a north to south direction along the
axis of what is now the modern Mississippi embayment. During highstands, the shoreline of the
Gulf of Mexico extended into southern Illinois, submerging the Mississippi embayment. This
area has since experienced multiple episodes of transgression and regression (Van Arsdale, 2014).
Studies suggest subsidence of the Mississippi embayment continued through the Eocene. PostEocene subsidence is debated (Ervin and McGinnis, 1975). Entrenchment of the Mississippi
River has taken place over the past 4 Ma, incising up to 100 m through Pliocene strata into
Eocene strata. The present-day position of the river and its confluence with the Ohio River near
present-day Cairo, IL has existed since 10 ka. Presently, the Mississippi embayment is a broad,
south-plunging syncline dissected by the south-flowing Mississippi River.

1.4 Stratigraphy of the Northern Mississippi embayment
A generalized overview of the regional stratigraphy is provided in Figure 1.8 and Figure
1.9. Not all units are found throughout the northern embayment due to pinch outs and erosion,
particularly fluvial erosion. Thicknesses listed in the descriptions below are generally maximum
thicknesses, and these values approach zero near the edges of the embayment physiographic
province (Shumway, 2008). Paleozoic bedrock in the northern Mississippi embayment consists
3

of limestone, dolomite, and sandstone, and while little is known of the oldest of local Paleozoic
strata, it is believed to be up to 3 km thick (McBride et al., 2003; Ross, 1963). Paleozoic strata
represents acoustic basement for the purposes of this study.
Bedrock is unconformably overlain by the Cretaceous Post Creek formation, a thin,
poorly-sorted gravel unit comprised of clays, sands, and chert pebbles, which grades into the
McNairy Formation (McBride et al., 2003; Ross, 1963). The Late Cretaceous McNairy
formation consists of a deltaic sequence of very fine sand, silt, and micaceous clay and mica and
reaches up to 150 m in thickness (Ross, 1963; McBride et al., 2003). However, investigations
near Olmsted, IL reveal the McNairy formation in the northernmost portion of the Mississippi
embayment to be much thinner, between 13 and 36 m thick (Woolery et al., 2003). Cretaceous
strata in the Mississippi embayment typically exhibits strong, coherent seismic reflections, and
may contain several intraformational reflections due to the presence of alternating sand and clay
layers. The youngest Cretaceous stratum is the Owl Creek formation, a 15-foot thick glauconitic,
micaceous clay which disconformably overlies the McNairy sands (Ross, 1963).
The basal Paleocene stratum in the northern Mississippi embayment is the Clayton
formation, a 10 to 20 foot thick of glauconitic, sandy clay (Ross, 1963; McBride et al., 2003).
Conformably overlying the Clayton formation is the Porters Creek formation, a massive clay unit
up to 170 feet in thickness (Ross, 1963). Both of the Paleocene Clayton and Porters Creek
formations contain fossils of marine fauna, and together are considered part of the Midway group
(McBride et al., 2003; Van Arsdale, 2009). The Wilcox group, consisting of sands, silts, clays,
gravels, and some lignite, unconformably overlies the Porters Creek formation and marks Eocene
deposition (Cushing et al., 1964). Beneath Cairo, IL, this unit reaches a thickness of 45 m (Ross,
1963). Within this group are the Old Breastworks formation, the Fort Pillow Sand formation, and
the Flour Island formation. The Eocene Claiborne group overlies the Wilcox group, and also
consists of sands, silts and clays (Nelson, 1998). Overlying the Claiborne is the Jackson
formation, Eocene interbedded sands, silts, and clays. The three Eocene formations are similar in
lithology and therefore not easily distinguishable from one another and may be reported as a
single, undifferentiated seismostratigraphic unit (McBride et al., 2003; Woolery et al., 2003).
The Mounds Gravel is a Pliocene, 40-foot thick layer of chert-rich gravel with limonite and
hematite cement which have been deposited in braided channel systems (Ross, 1963; Kolata et
al., 1981). Overlying Pleistocene sediment consists of three types of loess: the Loveland,
Roxana, and Peoria loesses (Kolata et al., 1981; Ross, 1963). The distribution of loess deposits
and their thicknesses are highly variable due to changes in the courses of the Mississippi and
Ohio rivers during the Pleistocene (Ross, 1963).
4

1.5 Seismicity
With the exception of induced seismicity related to hydraulic fracturing, recent
midcontinent earthquakes in the United States overwhelmingly occur within the NMSZ, which
dominates seismic hazard assessment for the central U.S. (Johnston and Schweig, 1996; Tuttle et
al., 2002; Saucier, 1991). The NMSZ is composed of two northeast-trending arms (Axial or
Cottonwood Grove fault and the NMNF) connected by a northwest-trending left-stepover zone,
called the Reelfoot fault (Figure 1.6). The northeast-trending arms exhibit right-lateral slip at
depths of 3 to 15 kilometers along a near-vertical fault surface. The Reelfoot Fault exhibits
reverse faulting along near-vertical planes at similar depths. A fourth arm, the Risco fault, is a
left-lateral strike-slip fault extending west-northwest from New Madrid, MO towards Risco, MO
(Liu and Zoback, 1997; Van Arsdale, 2014). The midcontinent stress field is primarily
compressive; the principal horizontal stress direction based on in-situ measurements is N60ºE to
east-west resulting from westward movement of the North American plate away from the midAtlantic spreading center (Kolata and Nelson, 1991; Cox et al., 2000; Zoback and Zoback, 1980;
Nelson and Bauer, 1987). Modern strain rates in the embayment are debated due to uncertainties
in recurrence interval of earthquakes, a lack of definitive geodetic measurements of plate motion,
and uncertainties in magnitude calculation of the 1811-1812 earthquakes.
At least three large earthquakes occurred in the NMSZ during the winter of 1811-1812
(Johnston and Schweig, 1996). The first event occurred on along the Axial fault on 16 December
1811. The 23 January 1812 event is believed to have occurred along the NMNF, and the 7
February 1812 occurred along the Reelfoot fault. Since the epicenters of these earthquakes
occurred along the westernmost frontier of European settlement at a historical time prior to
instrumental recording, earthquake magnitudes have been determined by eyewitness felt intensity
accounts, thus having considerable uncertainty (Johnston and Schweig, 1996; Rogers and
Karadeniz, 2010). Estimations for moment magnitudes of these events range between 7.0 and 8.1
(Van Arsdale, 2014). Tuttle et al. (2002) estimate recurrence rates for such events, based in part
on liquefaction data, to be between 200 and 800 years. The 1811-1812 events were not the only
local strong ground motion events in recent geologic history; evidence for Holocene paleoseismic
events includes sand blows and other liquefaction features, geoarchaeological findings, and
geophysical surveys of deformed Quaternary strata (Tuttle, 2001; Tuttle and Schweig, 1995;
Saucier, 1990; Stephenson et al., 1999). These data indicate at least two to four large earthquake
events occurred prior to 1811, although precise dating of these events has proven difficult
(Johnston and Schweig, 1996). Additional uncertainty surrounds hypothesized fault rupture
scenarios and candidate faults for the 1811-1812 events, particularly the 23 January 1812
5

earthquake along the NMNF (Johnston and Schweig, 1996; Baldwin et al., 2002; Van Arsdale,
2014). Some studies, however, have suggested that this event may have occurred farther
northeast than previously determined, as far as White County in southern Illinois (Rogers and
Karadeniz, 2010; Hough et al., 2005; Mueller et al., 2004; Van Arsdale, 2014).
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Figure 1.1. Boundaries of Charleston uplift (labeled C.U. on the figure above) as identified by
Pryne et al. (2013) (blue lines). Black dots are locations of shallow boreholes across southeastern
Missouri and neighboring portions of Kentucky and Illinois. CO, Commerce, Missouri; O,
Olmsted, Illinois; CA, Cairo, Illinois; C, Charleston, Missouri; F, Farrenburg, Missouri; N, New
Madrid, Missouri; HI, Hickman, Kentucky. MP-35 and MP-80 are the locations of seismic
soundings from the Pryne et al. (2013) study. Modified from Pryne et al. (2013).

7

Figure 1.2. Erosional origin hypothesis. Black lines with arrows represent Eocene and
Pleistocene paleodrainage patterns that scoured Paleocene strata, leaving a Paleocene remnant
flanked by younger strata. CA, Cairo, IL; C, Charleston, MO; F, Farrenburg, MO; N, New
Madrid, MO. From Pryne et al. (2013).
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Figure 1.3. Microseismicity patterns in the northern Mississippi embayment. Inset shows
epicenters in New Madrid seismic zone. Main figure shows two northeast-trending lines of
epicentral microseismicity that align with the trend of the Charleston uplift. Seismicity data from
the CERI New Madrid Catalog.

9

Figure 1.4. Meander patterns of the Mississippi River supporting a structural origin of the
Charleston uplift. Left side: anomalous meander bend as the river circumvents the Reelfoot fault
scarp and Lake County uplift at New Madrid, MO. The river encounters the fault scarp, makes a
sharp turn, and begins to flow in the opposite direction. Right side: anomalous meander bend
near Cairo, IL. The river also changes flow direction as it encounters the Charleston uplift. From
Counts et al., in revision.
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Figure 1.5. Charleston uplift and field site locations. Solid lines are boundaries from Pryne et
al. (2013). Dashed lines are the northeastward, straight-line surface trace projections into
western Kentucky. Grey circles are seismic sounding field sites. Black squares are population
centers in the region that are referenced throughout the text. B, Barlow, Kentucky, CA, Cairo,
Illinois; C, Charleston, Missouri; E, East Prairie, Missouri; F, Farrenburg, Missouri; N, New
Madrid, Missouri; S, Sikeston, Missouri; O, Olmsted, Illinois.
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Figure 1.6. Generalized map of the northern Mississippi embayment. Grey shaded area shows
the seismically active New Madrid seismic zone, which overlies the Reelfoot rift structure,
outlined with black lines. WM, western margin of Reelfoot rift; EM, eastern margin of Reelfoot
rift. Encircled numbers mark major faults of NMSZ. 1, Axial fault or Cottonwood Grove fault;
2, New Madrid North fault; 3, Reelfoot thrust fault; 4, Risco fault. Gray box northeast of NMNF
shows study area. Gray dashed line marks the extent of the Mississippi embayment
physiographic province. Modified from Csontos et al. (2008) and Woolery et al. (2015).
12

Figure 1.7. Late Proterozoic-Cambrian aulacogens formed along the Iapetan passive margin.
Reelfoot rift (RR), the structural precursor to the NMSZ, neighbors the Rough Creek graben
(RCG). Other coeval rifts are SOA, Southern Oklahoma aulacogen; RT, Rome trough; OR,
Ottawa rift; SR, Saguenay rift. From Wheeler (1997).

13

Figure 1.8. Generalized stratigraphic column for the northern Mississippi embayment, from
Pryne et al. (2013).
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Figure 1.9. Stratigraphic column from a borehole near Olmsted, IL. See Figure 3.12 for location
borehole location. From Woolery et al. (2003).
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CHAPTER 2. METHODS
2.1. General Overview
2.1.1 Seismic Reflection Methods
Active seismic reflection techniques involve the generation of a pulse of energy that
linear-elastically propagates radially outward in the form of seismic waves (Sheriff and Geldart,
1995). The frequency, amplitude, and relative arrival time of traveling seismic waves are
measured by an array of geophones set in place at a given distance from the source. From known
distance and time values, the velocity of the waves as they propagate through a geologic medium
can be calculated. When seismic waves encounter an acoustic impedance contrast, as typically
occurs for example between different rock types at depth, a portion of the energy is refracted into
underlying layers, and a portion is reflected off of the boundary and returns to the surface to be
recorded by geophones. Additionally, energy may be lost, or attenuated, by geometrical
spreading, where wave amplitude decreases proportionally to the distance away from the source;
by scattering, where wave energy is dispersed once encountering an irregularity; or by absorption,
where wave energy is converted into heat (Burger et al., 2006). In cases where the impedance
contrast is nonplanar, some energy may be diffracted. Seismic reflection measures the returned
energy of reflected waves.
Seismic waves consist of body waves (P-waves and SH-waves) and surface waves
(Rayleigh and Love) (Burger et al., 2006). Of main concern to exploration seismology are Pwaves and SH-waves. P-waves are longitudinal waves behaving in compressional and dilational
patterns of deformation along the direction of propagation. P-waves always travel faster than SHwaves, and they travel through solid material as well as liquids. SH-waves are transverse waves
that generate shearing stresses orthogonal to the direction of propagation. They travel more
slowly than P-waves and are unable to pass through liquids.

2.1.2 Seismic Resolution
Resolution refers to the minimum separation in space or time needed to distinguish
between two features (Sheriff and Geldart, 1995). Vertical resolution in seismic data is typically
determined by Rayleigh’s quarter-wavelength (λ/4) criterion, where any two features separated by
at least ¼ of the dominant wavelength are resolvable as two distinct features rather than as one
single feature. In contrast, the threshold for detection is much smaller than the resolvable limit; it
is typically considered λ/8, although it can be as small as λ/20 to λ/30 (Sheriff and Geldart,
1995). Single features thinner than λ/4, such as thin beds, may show up on a seismogram,
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depending on factors such as signal-to-noise ratio, but their thicknesses would be indeterminable.
Multiple features separated by less than λ/4 would appear as one single feature.
Since vertical resolution is wavelength-dependent, where wavelength is a function of
velocity divided by frequency, higher frequency data typically provide higher resolution data. Pwaves tend to have higher frequencies, but they also have much higher velocities; therefore
wavelengths of SH-waves may be one half to one third of P-wave wavelengths in the same
medium, resulting in much higher vertical resolution (Bexfield et al., 2006). For this study, the
dominant frequency for SH-wave data was 36 Hz (Figure 2.1). Using a velocity of 200 m/s, this
results in a resolution of 1.4 m. The dominant frequency for P-wave data was 66 Hz. Using a
velocity of 1600 m/s, this results in a resolution of 6 m.
Horizontal resolution of seismic data is determined by the first Fresnel zone of
unmigrated seismic data (Sheriff and Geldart, 1995). The radius of the first Fresnel zone is
1
� �
2

𝑅𝑅1 = (𝜆𝜆ℎ0 ⁄2)

1

� �
= (𝑉𝑉⁄2)(𝑡𝑡⁄𝑓𝑓 ) 2

where ℎ0 is the depth, 𝑡𝑡 the arrival time, 𝑉𝑉 the average velocity, and 𝑓𝑓 the dominant frequency

(Sheriff and Geldart, 1995). A reflector smaller than the Fresnel zone would behave as a
diffracting point rather than a planar reflector.

2.1.3 Ground Penetrating Radar
Ground penetrating radar functions analogously to seismic reflection in that it measures
the returned energy of reflected radar pulses (Burger et al., 2006). A transmitter antenna sends a
pulse of electromagnetic wave energy into the subsurface, and the returned signal is measured by
a receiving antenna. The electrical conductivity and dielectric permeability (and to a smaller
degree, magnetic permeability) of the subsurface affect the propagation velocity of radar waves
and the degree of signal loss, or attenuation. The strength of the signal returned is a function of
attenuation by geometric spreading, by scattering, and by absorption.
Generally, geologic materials that are highly conductive and/or have a high dielectric
permittivity, such as wet clay or seawater, generate the most signal loss for radar waves (Burger
et al., 2006). Attenuation is increased with higher frequency antennae. Most geophysics
textbooks offer tables with ranges of dielectric permittivity for various earth materials and radar
wave velocity through the material. However, for certain materials, the ranges can be wide, and
ranges vary slightly among reference texts. Dielectric permittivity of materials is difficult to
constrain, and is therefore a source of uncertainty when converting GPR data from two-way
travel time to depths. This issue is compounded by the fact that earth materials in situ are almost
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never homogenous, and mixtures of earth materials may not respond to electromagnetic waves in
a manner directly proportional to its composition (Annan, 2009). Furthermore, geologic
materials, particularly those in the embayment, are often porous, and the percent of saturated pore
space as well as the type of fluid (e.g. water or air) will influence conductivity and permittivity.
Vertical resolution for GPR is derived in the same manner as for seismic methods
(Annan, 2009). That is, two objects can be distinguished from one another if they are separated
by at least λ/4. The horizontal resolution is defined as:
𝑟𝑟 = �

𝑑𝑑𝑑𝑑
2𝑣𝑣

where d is the antenna spacing, 𝑓𝑓 is the antenna frequency, and 𝑣𝑣 is the radar wave velocity.

Horizontal resolution for GPR is analogous to the Fresnel zone for seismic lateral resolution.

2.2. Data Collection
2.2.1 Seismograph and Geophones
All seismic reflection data were collected using a 48-channel NZXP Geometrics
StrataVisor engineering seismograph. P-waves were measured with 48 Mark Products 40-HZ
vertically oriented geophones. SH-waves were measured with 48 Mark Products 30 Hz
horizontally polarized geophones. Geophones were connected to two 24-channel takeout cables
with two-meter spacing set in-line with the seismic source. Record length was 1.024 s, with a
sampling rate of 0.25 msec. Typically, low-cut and high-cut acquisition filters were out, although
there were a small number of instances when a 15-Hz low-cut filter was applied, and when a 60Hz notch filter was applied to reduce noise from unshielded power lines in cases where they were
unavoidable.

2.2.2 Seismic Source
The seismic source for P-wave data was generating by swinging a 4.5 kg sledgehammer
vertically against a 20 cm by 20 cm steel plate. Five strikes on the steel plate were stacked at
each shot point to maximize signal-to-noise ratio. The plate was placed on a hard-packed surface
to reduce attenuation caused by the sinking of the plate into softer sediment surfaces after
hammer strikes.
For collection of SH-wave data, a steel H-pile was struck by a 1.4 kg hammer in a
horizontal direction orthogonal to the array of takeout cables. Three strikes were made on either
side of the H-pile, and prior to switching sides, polarity was reversed on the seismograph. The
six strikes were stacked to increase signal-to-noise ratio. Switching sides and instrument polarity
18

and stacking strikes causes partitioned P-waves to destructively interfere, and ensures that only
SH-waves are being sampled.

2.2.3 Site Location Selection
Sites were selected along areas amenable for a transect of walkaway profiles oriented
orthogonal to the trace of the bounding faults. When scouting locations, the following criteria
were considered in order to optimize data quality: distance from heavily trafficked roadways and
waterways; absence of farming equipment, crop-dusting planes, and other equipment use that
would generate seismic noise; distance from tall grasses and trees, particularly on windy days;
distance from overhead power lines. P-wave walkaways were preferred in the southwestern
portion of the study area since reflectors there are deeper than reflectors in the northeastern
portion (i.e. Ballard County, KY). Additionally, in western Kentucky, shallow, relatively low
velocity sediments are typically water-saturated due to the close proximity to the active fluvial
mechanics of the Ohio River. Since S-waves only travel through solids and not liquids, they are
optimal in this environment.

2.2.4 Walkaway Profiles
Walkaway profiles are a seismic sounding or “drilling” technique, and not optimized for
examining lateral variation. They are too limited in length to actually identify fault planes, which
are typically surrounded by zones of fractured rock that poorly reflect seismic energy. Instead,
walkaway profiles are used to identify vertical variation and depth to reflectors at individual,
discrete locations. The identification of the bounding faults is therefore achieved by comparing
depths to identical reflections across a transect of walkway profiles and observing the locations
between which arrival times change. Walkaway methods used in this study follow the fixedreceiver moveout technique described by Vincent et al. (2006), valid in laterally homogeneous
field areas with flat-lying reflectors.
Four walkaway transects were conducted across the Pryne et al. (2013) interpreted
boundaries of the Charleston uplift (Figure 1.5). From west to east, there is the East Prairie
transect consisting of 3 walkaways across the northern boundary as well as the two soundings
from Pryne et al. (2013), the Wyatt-north transect consisting of 5 walkaways across the northern
boundary, the Wyatt-south transect consisting of 3 walkaways across the southern boundary, and
the Barlow transect, consisting of 6 walkaways across the northern boundary in Ballard County,
KY.
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P-wave walkaways were conducted using 48 channels and geophones at 2 m spacing for
an array length of 96 m. The first shotpoint is placed 2 m off one end of the array. The second
shotpoint is 96 m further up-line for a balanced splice. The spliced seismograms create a single
96-channel survey 192 m in length (Figure 2.2). This process is repeated at the opposite end of
the line, as well as in the middle of the array, between geophones 24 and 25. Using shotpoints at
both ends of the array allows processing of data from whichever direction shows more coherent
reflections. Occasionally one set of data shows a stronger signal than the other, and as long as the
layers are flat-lying, the two sets should provide identical depths to reflectors. The middle
shotpoint is a rough indicator of whether strata is flat-lying or dipping; a seismogram showing a
symmetrical hyperbola denotes horizontal subsurface reflectors (Figure 2.3).
SH-mode seismic walkaways were conducted in Ballard County, KY, and consisted of a
48-channel spread with 2 m spacing. The exception is walkaway site BARE, where a 24geophone array was used for a spread length of 48 m. Because the optimal recording window for
SH-waves occurs in the near-offset field, a result of differences in velocity between P- and SHwaves, there was no need to step off one spread length and splice field files. Therefore, 48channel SH-wave walkways are all 96 m in length.

2.2.5 CDP Profile
A common depth point (CDP) profile is initially set up in the field similarly to a
walkaway profile, but undergoes different computer processing steps. In the field, an array of
two 24-channel spreads at 2 m spacing is set up, with the seismic source set 2 m off the end of the
line. The shot point is advanced, or “rolled along,” at 2 m intervals. The geophones adjacent to
and behind the source point are inactive for each field file recorded; only the geophones directly
upline are active. A roll-along cycle for the 48-channel spread is composed of 24 shot points.
Subsequent cycles require the near-field cable with 24 geophones relocated to the end of the farfield cable. This process is repeated until the survey coverage is complete. The purpose of this
technique is to combine, using computer software, different raypath geometries between source
and receiver that all sample the same point in the subsurface, thereby imaging each point in the
subsurface several times to increase signal-to-noise ratio (Figure 2.4) (Burger et al., 2006). The
number of times a single subsurface point is sampled is called the fold, and is expressed by:

Fold = (Receiver Spacing * Number of receivers) / (2 * shot spacing)
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2.2.6 GPR Collection
A MALÅ RAMAC X3M system with a 100 MHz shielded antenna was towed behind a
vehicle at 3 to 4 miles per hour (i.e. walking pace) along a 2.4 km stretch of road in Ballard
County, KY. The 100 MHz antenna is near the low end of commercially available shielded
antennae, and therefore has less attenuation issues than higher frequency antennae, resulting in
greater depth of signal penetration (Burger et al., 2006). The GPR transect overlapped with sites
BARF, BARB, BARE, BARD, and BARC and was collected as a single, continuous line. GPR in
this project was used tangentially to determine a) if this technique was valid at the Ballard
County, KY sites and b) if this technique could be used to identify shallow deformation that is
unresolvable in the seismic data.

2.3. Data Processing
2.3.1 Seismic Processing
2.3.1.1 Walkaways

Seismic data were processed with VISTA 7.0 (Seismic Image Software,

1995). Although processing parameters varied slightly for each profile, all walkaway profiles
were processed similarly. SEG2 field files were converted to standard SEGY format. A
bandpass filter was applied to cut out very high and very low frequency noise, followed by an
automatic gain control (AGC) filter. AGC filtering varies signal gain over a specified time
window to adjust for differences in signal amplification over time (Sheriff and Geldart,
1995). Each site location has a unique set of bandpass filters and AGC windows that optimize
desired signal (Figure 2.5). Therefore, various filter parameters were essayed until desired
reflections became prominent relative to noise. That said, often these parameters did not vary
much, and several sites were processed identically. Occasionally, a geophone is poorly coupled
with the sediment and the signal returned is noisy and of poor quality. In those cases, the record
from those individual geophones, or channels, can be muted, or killed, to improve overall signal
to noise ratio (Figure 2.6) (Baker, 1999). Killing of channel traces was only performed when
necessary.
A geometry file was constructed specifying the location or station address of the shot
points and geophones. The geometry file is added to the header of each binary field file. Primary
reflections are selected on each field file, and a semblance analysis and velocity picks are
performed. The semblance analysis numerically identifies velocities within a specified range that
correlate to observed reflection data. Specifically, when the hyperbola from the theoretical
velocity calculation matches that of an observed reflection curve, the semblance cross-correlation
coefficient is high, and the corresponding velocity value is assumed to characterize the
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reflection. After velocities are assigned to each identified reflection, a velocity model, showing
the intercept time and stacking velocities, is produced.
When analyzing seismic data from relatively short spreads, as is the case in this study,
there is an extra degree of uncertainty associated with the curve matching. Over a 192 m long
survey, for example, the data are limited to the near-field part of the hyperbola, near the curve’s
apex which appears relatively flat and linear; additional length to the survey, by stepping off
another spread length or by adding a longer spread of receivers, would be needed to capture the
increased curvature in the tail of the hyperbola. Consequently, a range of mathematical
hyperbolas can fit a given reflection moveout, yielding a range of velocities. This range typically
was ±10 m/s for SH-wave data and ±100 m/s for P-wave data. Therefore, in the absence of
nearby borehole data or sonic velocity logs to determine accurate velocities for equivalent
reflection horizons along transect, a representative mean value valid for all sites was selected.
Reducing velocity variation error for each reflection within each transect improved depth and
relative offset calculations.
The velocities of deeper reflections are a function of the refraction of energy and resultant
raypath geometries through overlying media (Burger et al., 2006). Therefore, the Dix equation is
used to calculate interval velocities for designated layers, or intervals, which removes the effects
of refraction through overlying layers. The Dix equation is:

𝑉𝑉𝑖𝑖 2 =

2
𝑉𝑉𝑛𝑛2 𝑡𝑡𝑛𝑛 − 𝑉𝑉𝑛𝑛−1
𝑡𝑡𝑛𝑛
𝑡𝑡𝑛𝑛 − 𝑡𝑡𝑛𝑛−1

where 𝑉𝑉𝑛𝑛 is the root mean square velocity and 𝑡𝑡𝑛𝑛 is the zero-offset arrival time of the nth
reflection. In areas with horizontal layers and small source-receiver distance, as are the

conditions of this study area and array geometry, the stacking intervals outputted after the
semblance analysis approximate the root mean square velocities used in the Dix equation (Sheriff
and Geldart, 1995). From interval velocities, we can apply the following equation to determine
thicknesses of each layer:
𝑡𝑡𝑛𝑛 −𝑡𝑡𝑛𝑛−1
�.
2

ℎ𝑛𝑛 = 𝑉𝑉𝑛𝑛 �

Summing thicknesses, ℎ, of layers between bounding reflections will result in the depth of each
reflection. Relative offset can then be calculated by comparing differences in depths to
equivalent reflections along transect.
Reflections selected for comparison have strong impedance signals and are present across
a transect, signaling regional impedance boundaries rather than a local impedance variation.
22

Packages and patterns of wavelet cycles are compared to ensure selection of equivalent
reflections. Package comparison is particularly important for Tertiary reflections due to poor
stratigraphic control of the Tertiary in the Mississippi embayment; reliable impedance boundaries
may occur at the top of the Memphis Sand formation as well as the Fort Pillow Sand formation
(Figure 1.8). Since we are interested in relative offset, consistent selection of equivalent
reflections based on packages and patterns of wavelet cycles obviates inaccuracies due to
erroneous stratigraphic correlation. These data are compared to nearby regional seismic profiles
and boreholes, including the Pryne et al. (2013) seismic soundings, marine seismic lines along the
Mississppi River (Guo et al., 2014), a seismic profile by the DOW Chemical Company, and a
borehole with crosshole SH-wave velocity log (Figure 1.9) (Woolery et al., 2003).

2.3.1.2 CDP Profile

The CDP profile was also processed using VISTA 7.0. Field files are

converted into SEG-Y format and converted from 48-channel data to 24-channel data (12-fold).
All 24-channel files are combined sequentially into a single register. A mean amplitude scaling
and spherical divergence correction is applied to the raw data. The mean amplitude scaling
multiplies each trace by a designated factor of the mean of each trace; the spherical diversion
correction adjusts for attenuation due to geometric spreading (Sheriff and Geldart, 1995). A
bandpass filter and AGC filter are applied before the geometry header is applied to the register.
Any noisy traces are killed before performing a top-mute to remove air wave noise and
refractions from the data. The muted data is then sorted sequentially in groups of 576 traces and
stacked by offset. A semblance analysis is performed on the sorted and stacked sets of traces,
which assigns velocities to reflections as discussed in section 2.3.1.1. above. The resultant
velocity model is then applied to the register containing the entire unstacked, unsorted dataset,
and a normal moveout (NMO) correction with a 15% mute is applied. The normal moveout
correction adjusts for variations in reflection arrival time relative to the distance, or offset,
between the source and geophones (Burger et al., 2006). The correction is greater with greater
source-receiver distances, causing NMO stretch artifacts to appear near the end of the profile due
to the increased stretch of the wavelengths of a single trace. Therefore, a stretch mute is applied
to null any data above a particular threshold, 15% for this study. After the NMO correction,
traces are sorted and stacked by common depth point, and reflection data is presented as if the
seismic energy has traveled a direct, vertical path to the reflecting plane and back (zero-offset)
rather than as a long reflection hyperbola.
An f-k filter (frequency-wavenumber filter) was applied to the stacked, sorted, and NMO
corrected section. This filter is a coherency filter that can enhance signal by attenuating linear
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coherent noise (Baker, 1999). Coherent noise (e.g. surface waves) may constructively interfere
and mask a desired signal, in contrast to incoherent or random noise (e.g. a wind gust), which will
tend to destructively interfere and therefore does not require removal by this filtering technique.
The frequency of coherent noise is often lower than that of reflections, and on an f-k plot, these
signals will occupy different positions, with the reflection signal clustered around the k=0 axis
(Figure 2.7) (Sheriff and Geldart, 1995; Baker, 1999). Coherent noise can then be removed by
filtering out regions within the f-k spectrum. The f-k filter applied was conservative, with a gentle
taper, to minimize the generation of coherent noise and artifacts.

2.3.2 GPR Processing
GPR data were processed using RadExplorer v.1.4 using default parameters for all
processing steps. Processing of GPR data was minimal to preserve the original quality of the data
and minimize introduced artifacts. Steps are described below in sequential processing order. DC
bias was removed in a process called “dewowing,” which removes the low-frequency signal trend
that is present near the transmitter antenna as a result of proximal electrostatic fields (Cassidy,
2009; Annan, 2009). A time-zero adjustment was applied to correct for differences in first arrival
times due to variations in the antenna airgap, electronic instability, or a myriad of other sources.
Background removal is a common type of spatial filter that removes the mean of all traces in a
section and removes it from a trace, which helps remove background noise (Cassidy, 2009).
Amplitude correction is similar to the automatic gain control discussed in seismic walkaway
processing (Section 2.3.1.1). Predictive deconvolution is used to reduce pulse dispersion and
maximize resolution (Annan, 2009). It is followed by a bandpass filtering to eliminate any
generated noise.
A time-to-depth conversion was made using a dielectric constant of five for the
subsurface, which equates to a radar velocity through the underlying media of 13 cm/ns. This
dielectric constant was chosen based on ranges for wet sand, dry sand, and clay, which primarily
constitute the shallow subsurface of the field area. The dielectric constant likely varies due to
inhomogeneity in composition. However, creating a detailed and accurate dielectric model of the
subsurface was not feasible with the data available. Therefore, one value was chosen to represent
the entire section. Using the λ/4 criterion, vertical resolution is 0.325 m.
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300

Amplitude

250
200
150
100
50
0
0

20

40

60
80
Frequency (Hz)

100

120

Figure 2.1. Amplitude spectra for SH-wave (above) and P-wave (below) data.
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Figure 2.2. Example P-wave data showing construction of spliced walkaways with 2 m geophone
spacing. First field file uses a shotpoint 2 m off the end of the geophone array. Second field file
uses a shotpoint 96 m off the end of the geophone array. When combined, the result is the
equivalent of a 96-channel survey at 2 m spacing, for a total length of 192 m.
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Figure 2.3. Raw center-spread shot field file showing symmetrical hyperbola. This indicates
subsurface layers are roughly horizontal, thereby validating the fixed-receiver walkaway
technique at this location.
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Figure 2.4. Illustration of CDP profiling and raypath geometries through the subsurface.
Highlighted raypaths from shotpoints E1, E2, and E3 all sample the same subsurface point.
The more times a single point is sampled, or, the higher the fold, the higher the signal to noise
ratio. Numbers at the bottom indicate fold at each subsurface point. The reflection signal
appears in the seismograms above at different offset times for different field files, which are
later combined and set to a zero-offset time with processing software. Note that the reflection
of the single, planar reflector in the dataset above show a hyperbolic curve. Figure modified
from Burger et al. (2006).
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29
Figure 2.5. Filter and gain optimization. Left is the raw dataset. Each of the three subsequent panels were processed with different pass-bands
and AGC time windows. Reflections of interest become more or less prominent depending on filtering parameters. For each walkaway site, a trial
and error process was used to develop the most coherent seismogram from which to make velocity models and interpretations.

Figure 2.6. Raw SH-wave field file showing noisy geophones that were eventually muted to
increase overall signal-to-noise ratio.
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Figure 2.7. Example f-k spectrum (top) and interpreted spectrum (bottom) from Baker (1999).
Note how reflections and noise occupy different spaces on the spectrum, and can be easily
removed by selecting regions of the plot area to filter out of the dataset.
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CHAPTER 3. RESULTS AND INTERPRETATION
3.1 East Prairie Transect
The East Prairie transect consists of three walkaways taken north of East Prairie, MO
across the westernmost edge of the northern boundary of the uplift (Figures 3.1; 3.2;
3.3). Surface elevation of all three sites is 95 m. Table 3.1 shows the zero-offset time and
stacking velocity for each reflection along with the corresponding calculated thicknesses and
depth, as well as interpreted equivalent geologic unit of each interval for the transect. This table
includes the two nearby sites from Pryne et al. (2013), MP-80 and MP-35. The semblance
analysis of these three East Prairie sites revealed similar velocities to those of MP-80 and MP35. Therefore, the average velocities of those published in Pryne et al. (2013) were assigned to
the equivalent reflections for each horizon in the East Prairie dataset.
Three reflectors were chosen: top of the Tertiary (Te), top of the Cretaceous (K), and top
of the Paleozoic (Pz). Stratigraphic correlations were based off of similarities in zero-offset times
and velocities of reflections to those of the MP-80 and MP-35 (Pryne et al., 2013). Data show
offset of 15 m in T, 60 m in K, and 50 m in Pz from EPRC to EPRB. Additionally, T in EPRA
and EPRC, both off of the uplift, is 45 to 57 meters thicker than T within the uplift.
Site EPRA is very close to the surface trace of the proposed northern boundary fault.
Reflections in EPRA are relatively uneven and irregular, with variance from a mathematical
hyperbolic curve. This reflection character suggests non-ideal or geologically disturbed
impedance boundaries, and supports the current trace of the northern boundary as situated
adjacent to site EPRA. At site EPRC, the signal is obscured by a large diffraction hyperbola, due
to scattering of seismic energy off of a shallow, buried culvert. Despite the increased noise,
major reflections were still visible after standard processing techniques. Various f-k filters were
applied to EPRC to improve the signal-to-noise ratio, but they did not enhance reflections of
interest satisfactorily compared to the increased coherency of noise post f-k filter. Therefore, this
filter was discarded.

3.2 Wyatt-North Transect
The Wyatt-north transect consists of five walkaway surveys located northwest of Wyatt,
MO and northeast of Charleston, MO across the Pryne et al. (2013) interpreted northern uplift
boundary (Figures 3.4; 3.5; 3.6). Two sites are north of the boundary surface trace, and the
remaining three are south. Surface elevations for all sites are between 94.5 and 97.5 m. Table
3.2 shows the zero-offset time and stacking velocity for the three regional reflections interpreted
at these sites, along with the corresponding calculated thicknesses and depth. These reflections
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are interpreted as the tops of the Tertiary strata, Cretaceous strata, and Paleozoic strata based on
their prominence across all sites, their coherency, and their relatively high amplitude compared to
weaker reflections in the data. Additionally, calculated depths are within reasonable expectations
for depths and thicknesses of the stratigraphic units at this portion of the embayment based on
isopach maps and interpolation of depths to reflectors in nearby studies (Hart et al., 2008;
Woolery et al., 2003; Guo et al., 2014; Pryne et al., 2013). Seismic walkaway data along this
transect confirm the presence of offset reflectors at depth between sites NWYC and NWYB,
which correlates with the trace of the northern boundary by Pryne et al. (2013). Average
displacement along the boundary here is 50 m for the top of Pz, 38 for the top of K, and 24 for the
top of T. An increase in displacement with depth may result from episodic events throughout
time; this pattern is found in other areas of the Mississippi embayment having a long history of
fault activity, such as the Meeman-Shelby fault near Memphis, TN and faults near Olmsted, IL
(Hao et al., 2013; McBride et al., 2003). Additionally, T and K strata are thinner at the three sites
located within the uplift. This is a common sedimentary pattern for a downthrown fault block
where increased sediment deposits accumulate from hanging wall erosion.
Guo et al. (2014) published marine seismic lines along the Mississippi River, two of
which are proximal to the Wyatt-north and Wyatt-south walkway sites for this study (Figures 3.7
and 3.9). Their interpreted seismic profiles vary slightly with interpretations from the subject
walkways. This is likely due to site location and/or velocity variation. Although the locations are
relatively nearby, the walkaway transects are located in a deeper part of the embayment. In
addition, the marine reflection data were processed using velocity measurements from a borehole
farther south in the embayment rather than the stacking velocities derived from the field
files. Unlike the standard processing routines for the walkaway data, Guo et al. (2014) required
more complicated filtering algorithms to attenuate high-amplitude noise caused by reverberations
of energy off of in-channel barriers and engineered structures. These included a model-based
prediction model for multiple attenuation, to reduce noise from multiples off the river bottom, an
amplitude spike attenuation algorithm, where signals above a particular amplitude threshold were
reduced to zero, and a post-stack f-k coherency filter. Guo et al. (2014) acknowledge that seismic
signals in their data fall into the same frequency range as muted noise, and this may account for
the lack of visible reflections at depth compared to those reflections from the walkaway data,
which is not subject to the same noise issues as marine seismic surveys.
However, there are similarities between the marine seismic profiles and the
walkaways. Profile M1 from Guo et al. (2014) ends proximal to the intersection of the northern
boundary of the uplift and the Mississippi River, where it begins to make its anomalous meander
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back towards the northwest. At the end of profile M1, near shot point 5200, there is an abrupt
change in dip in what they have interpreted as their Cretaceous unit reflector (approximately 160
ms TWT). Below that, the Paleozoic reflector has an uneven, hummocky character, and above,
the Quaternary reflector also appears warped. Although it is difficult to make definitive
conclusions about a feature at the end of a line, this pattern and its proximity to the trace of the
northern boundary suggests that it may be related to the proposed bounding faults of the
Charleston uplift. This location is likely too far north to be the main Charleston boundary, but
perhaps the profile is imaging offset from a smaller, synthetic fault. Networks of en echelon
faults are a common structural feature within the embayment (Johnston and Schweig, 1996;
Nelson et al., 1999; Cox et al., 2000; Hao et al., 2013).
Profile M2 from Guo et al. (2014) shows opaque vertical zones where signal coherency is
lost. Similar features are commonly found at fault zones, where fragmented and weathered rock
scatters and disperses seismic energy. Guo et al. (2014) have interpreted these opaque zones as
faults related to Cambrian synrift extensional movement. The most prominent zone is labeled F2,
near shot point 8900, which is in line with the surface trace of the northern boundary of the
Charleston uplift, and subsequent faults are south of F2. Therefore, fault F2 may be related to the
northern boundary of the Charleston uplift. Conclusions about the timing of faulting, particularly
whether the faults offset younger strata, cannot be determined from the Guo et al. (2014) data due
to poor signal-to-noise ratio in the younger, overlying sediments.

3.3 Wyatt-south
The Wyatt-south transect consists of three walkaways taken across the southern boundary
of the uplift near Wyatt, MO (Figures 3.9; 3.10; 3.11). Two walkaway sites (SWYA and SWYB)
are south of the southern uplift boundary and SWYC is north. All sites are between 95 m and 96
m elevation. Two reflections, top of K and top of Pz, were selected to compare across the three
surveys. A velocity curve for the T reflection was only applied to data from sites SWYA and
SWYB. Table 3.3 shows the zero-offset time and stacking velocity for each reflection along with
the corresponding thicknesses, depth, and equivalent geologic unit at the three Wyatt-south sites.
Depth to both the top of K and top of Pz shows an approximate maximum relief of 50
meters from SWYA to SWYC. A USGS report by Hart et al., 2008, indicates that the thickness
of Cenozoic strata in this region of the embayment is between 90 and 150 m thick, which is
consistent with the calculated depth of the top of K at these sites. The calculated K thickness
from walkaway data is approximately 50 meters at all three sites. A thinner K section here
relative to transects further south and west is to be expected, since the northern margin of the
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embayment is also the margin of K deltaic sedimentation. Reflections in SWYB are less
coherent, indicating potential disturbance from local faulting. At SWYC, the Tertiary reflection
was not resolved. This may be a result of non-optimal survey parameters for the shallow depth, or
it may be too close to the direct or refracted waves.
In 1981, the DOW Chemical Company acquired a seismic profile (M-21) with 67-m shot
and receiver spacings beginning on the uplift and ending 54.6 kilometers to the south at the
Mississippi River, just west of Hickman, Kentucky (Figures 3.7 and 3.12). The profile passes
near the Wyatt-south walkaway transect. However, survey parameters were designed to image
deeper targets in the Paleozoic bedrock and top of Precambrian basement. Therefore, the targeted
horizons for this study fall within or very near to the top-muted section of M-21. Near shotpoint
220, a package of three reflections is visible between 0.2 and 0.3 seconds. There are two wedgeshaped muted sections where the profile passes through the towns of Wilson City and Wyatt,
Missouri, but to the south of the muted section, these reflections later in time, at approximately
0.25 to 0.35 seconds. This offset of reflections may be related to offset at the southern boundary
of the Charleston uplift.
Note, the Wyatt-south walkaways comprise the only transect along the southern boundary
of the Charleston uplift. Therefore, with limited data, it is difficult to make definitive conclusions
about the presence or degree of faulting in this area or the surface trace of the boundary. As
mentioned above, preliminary data are not dismissive of the possibility of faulting here, but
additional walkaway transects along this boundary are needed to confirm these results.

3.4 Barlow Transect
A primary objective for this project was to determine if the uplift can be extended
beneath the Mississippi and Ohio rivers into western Kentucky. Six seismic walkaways, one
CDP profile, and a GPR profile were collected along a 4.8 km unpaved road near Barlow, KY to
assess this potential (Figure 3.13). Road elevation where surveyed is between 95 m and 96 m.

3.4.1 Walkaways
Three reflections were chosen for comparison across the Barlow walkaway sites (Figures
3.14 and 3.15). Reflections were correlated to a high-resolution borehole approximately 10 km to
the north-northwest, just across the Ohio River from Olmsted, IL (Woolery et al., 2003). This
borehole was drilled as part of a geotechnical study related to the construction of a nearby lock
and dam. Therefore, in addition to detailed stratigraphic logging, it was subject to a series of
geotechnical and geophysical measurements, including cross-hole shear-wave velocity modeling
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(Figure 1.9). Table 3.4 shows the zero-offset time and stacking velocity for each reflection along
with the corresponding thicknesses, depth, and equivalent geologic unit of each interval. These
reflections are interpreted as the top of K, an intra-Cretaceous reflector, and top of Pz. Maximum
offset in the top of K is 7 m, and top of Pz, 11 m.
Results show an offset in all three reflections occurring near BARE. At site BARE,
seismic data revealed only the shallowest reflection. There are reflections present deeper in the
record, but due to the lack of interpretable reflections between 200 ms and 280 ms, these deeper
reflections are difficult to correlate with the other reflections chosen for comparison, and
therefore were not selected for this study. The lack of reflections or opaqueness in this time
window may result from fragmented or otherwise disturbed strata associated with erosion and/or
faulting.

3.4.2 CDP Profile
A 0.84 km CDP profile connecting sites B and E imaged structures related to high-angle
faulting through Pz and K sections (Figure 3.16; Figure 3.17). There is a prominent reflection
with a zero offset time at the north end of the profile at approximately 220 ms. At the south end,
this reflection is shallower, with a zero-offset time of 175 ms. Offset from end to end is
interpreted as a result of faulting associated with the northern boundary of the uplift. Interpreted
faults locations are marked near shotpoints 100, 275, 395, and 520 and 580. These are identified
not only by offset of reflections, but also by abrupt termination of coherent reflections and by
changes in dip of reflections. That multiple faults can be interpreted in the CDP profile suggests
that this fault zone manifests itself as a zone of deformation with several splay faults, rather than
a single master fault. This profile also intersected a paleofluvial channel, visible near shotpoint
690. Evidence of fluvial erosion in this setting is not unexpected in this geologic setting due to
the proximity of the Ohio River to the profile.
Similar manifestations of fault-related offset were visible in a 0.75 km CDP profile
presented in Woolery et al., 2003 (Figures 3.7 and 3.18). In this study, fault patterns were seen to
cross-cut the top of the Paleozoic and top of the Cretaceous, with offset in the Paleozoic reaching
26 m, and 7 m in the Cretaceous. Quaternary displacement was not resolved. Additional
evidence of faulting expressed on the profile includes an opaque zone of signal incoherence
between traces 200 and 300, where energy is poorly returned likely due to disturbed strata at this
area, similar to the opaque zones in the Guo et al. (2014) marine seismic lines (Figure 3.8).
A CDP profile taken across a portion of the Reelfoot scarp, which borders the Lake
County uplift near New Madrid, MO, shows similar patterns of structural architecture related to
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faulting (Figures 3.7, 3.19, and 3.20) (Woolery, personal communication, 2017). The Reelfoot
scarp is one of the few surficial fault expressions in the NMSZ. It has also been identified as the
location for the 7 February 1812 earthquake event (Van Arsdale et al., 1995). An unpublished
CDP profile collected across this fault scarp in the Kentucky bend shows coherent reflections at
approximately 30 to 40 m depth, where the dip abruptly changes at approximately 65 m from the
north end of the profile. The near-surface features imaged in the Kentucky Bend seismic profile
are manifested in a fluvially modified fault-controlled uplift, a similar geomorphic and structural
setting to that observed in the Barlow CDP profile.

3.4.3 GPR Profile
Total length of the GRP profile was 2338 m. The survey line began between sites BARF
and BARB, and ended just north of BARC. Depth of penetration for the radar signal was
relatively shallow, likely due to clay content in a fluvial setting, elevated sediment moisture
during the springtime acquisition, or a combination of both factors. The main signal occurs
between 1 and 2 meters depth. Figure 3.21 shows the section of the GPR profile that overlaps
with the CDP profile in both time and after depth conversion. An anomalous change in signal
character occurs between the 400 m and 500 m mark along the x-axis, which matches the location
of the opaque zone in the CDP profile, interpreted as a geologically disturbed area. A second
zone near 720 m shows an anomalous shift in signal travel time. This may be an artifact caused
by movement or bouncing of the antenna along the gravel road, but it has a different character
than other areas in the record where such an artifact is visible (i.e. the sharp, vertical changes near
625 m and 750 m). Its location also is coincident with interpreted faults in the CDP section,
although the GPR record images a much shallower and younger portion of the subsurface. Using
an average SH-wave velocity of 190 m/s for this profile location, the 10 m depth converted GPR
section corresponds approximately to the upper 53 ms of the CDP profile.
Data quality of this GPR profile was not satisfactory for making definitive conclusions
about Quaternary deformation or whether anomalies in the GPR record are genetically related to
deeper faulting. However, results suggest GPR has potential as an effective geophysical tool for
near-surface investigations in this active fluvial environment. GPR profile collection at this field
location during a drier time of the year, for example late summer or early autumn, may provide
better signal penetration and cleaner data. GPR is more advantageous than seismic soundings in
its ease of deployment, but GPR is more limited in its shallow depth of penetration. Therefore, it
is best used as a compliment to seismic imaging, and as a tool to reduce uncertainty surrounding
nonunique geophysical solutions.
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EPRA

Table 3.1 Results of East Prairie Walkaways
t0 (ms) Stacking Thickness (m) Depth
Velocity
(m)
(m/s)
145
1490
108
108
330
1595
125
263
420
1685
89
352

Unit

Te
K
Pz

EPRB

130
245
345

1490
1595
1685

97
98
94

97
195
289

Te
K
Pz

EPRC

150
320
405

1490
1595
1685

112
143
84

112
255
339

Te
K
Pz

MP-80

115
240
335

1490
1615
1680

85
107
87

85
192
279

Te
K
Pz

MP-35

140
305
405

1490
1575
1690

104
135
100

104
239
339

Te
K
Pz
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Table 3.2 Results of Wyatt-north Walkaways
t0 (ms)

Stacking Thickness Depth
Velocity (m)
(m)
(m/s)
1425
114
114
1525
53
167
1625
54
221

Unit

NWYA

160
220
275

NWYB

160
220
280

1425
1525
1625

114
53
58

114
167
225

Te
K
Pz

NWYC

200
280
355

1425
1525
1625

143
70
73

143
213
286

Te
K
Pz

NWYD

185
250
325

1425
1525
1625

132
58
72

132
190
262

Te
K
Pz

NWYE

155
205
280

1425
1525
1625

110
45
70

110
155
226

Te
K
Pz
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Te
K
Pz

Table 3.3 Results of Wyatt-south Walkaways
t0 (ms)

Stacking Thickness Depth
Velocity (m)
(m)
(m/s)
1500
135
135
1640
52
187
1700
57
244

Unit

SWYA

180
230
290

SWYB

170
230
290

1500
1640
1700

128
60
57

128
187
244

Te
K
Pz

SWYC

-170
230

-1640
1700

-139
56

-139
195

Te
K
Pz

40

Te
K
Pz

Table 3.4 Results of Barlow Walkaways
t0 (ms)

BARA

BARB

BARC

BARD

BARE

BARF

205

Stacking Thickness Depth
Velocity (m)
(m)
(m/s)
175
18
18

Unit

K

240
280

190
210

6
6

23
29

K
Pz

250

185

23

23

K

315
390

190
195

7
8

30
38

K
Pz

200

170

17

17

K

250
290

200
220

5
7

22
29

K
Pz

175

180

16

16

K

220
285

200
215

6
8

22
30

K
Pz

205

175

18

18

K

---

---

---

---

K
Pz

245

190

23

23

K

295

200

6

29

K

390

205

10

40

Pz
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Figure 3.1. Site map for the East Prairie transect. Yellow circles are seismic walkaway sites
(EPRA, EPRB, EPRC). Blue circles are location of MP-80 and MP-35 from Pryne et al. (2013).
EP, East Prairie, MO.
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Figure 3.2. Uninterpreted East Prairie walkaway transect. North is to the left; south is to the right. See Figure 3.1 for location map. Northern
boundary fault passes beneath site EPRA.
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Figure 3.3. Interpreted East Prairie walkaway transect. North is to the left; south is to the north. See Table 3.1 for reflection velocities and
corresponding thicknesses. Te, top of the Tertiary; K, top of the Cretaceous; Pz, top of the Paleozoic. Northern boundary fault between sites
EPRA and EPRB, close to EPRA.

Figure 3.4. Site map for Wyatt-north transect. Yellow circles are seismic walkaway sites
(NWYA, NWYB, NWYC, NWYD, NWYE). Grey circles are walkaway sites for other transects.
CA, Cairo, IL; C, Charleston, MO.
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Figure 3.5. Uninterpreted Wyatt-north walkaway transect. Top: Sites NWYD and NWYC, north
of the uplift. Bottom: Sites NWYB, NWYA, NWYE, within the uplift boundaries. North is to
the left; south is to the right. See Figure 3.4 for location map. Northern boundary fault lies
between sites NWYC and NWYB.
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Figure 3.6. Interpreted Wyatt-north walkaway transect. See Table 3.2 for reflection velocities and corresponding thicknesses. Te, top of the
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Tertiary; K, top of the Cretaceous; Pz, top of the Paleozoic. Northern boundary fault passes between sites NWYC and NWYB.

Figure 3.7. Map of regional datasets in relation to Charleston uplift boundaries. M1, Guo et al.
(2014) marine seismic line; M2, Guo et al. (2014) marine seismic line; M-21, DOW Chemical
Company seismic line; CDP-O, Woolery et al. (2003) CDP profile; CDP-R, Reelfoot scarp CDP
profile; C, Cairo, Illinois; CA, Charleston, Missouri; EP, East Prairie, Missouri; H, Hickman,
Kentucky; N, New Madrid, Missouri; O, Olmsted, Illinois; S, Sikeston, Missouri; W, Wyatt,
Missouri.
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Figure 3.8. Interpreted and uninterpreted marine seismic lines M1 (top) and M2 (bottom) from
Guo et al. (2014). See Figure 3.7 for location. Interpretations are those of Guo et al. (2014).
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Figure 3.9. Site map for Wyatt-south transect. Yellow circles are seismic walkaway sites
(SWYA, SWYB, SWYC). Grey circles are walkaway sites for other transects. CA, Cairo, IL; C,
Charleston, MO.
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Figure 3.10. Uninterpreted Wyatt-south walkaway transect. North is to the left; south is to the right. See Figure 3.9 for location map. Southern
bounding fault passes between sites SWYB and SWYC.
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Figure 3.11. Interpreted Wyatt-south walkaway transect. North is to the left; south is to the right. See Table 3.3 for reflection velocities and
corresponding thicknesses. Te, top of the Tertiary; K, top of the Cretaceous; Pz, top of the Paleozoic. Southern bounding fault passes between
sites SWYB and SWYC. The Tertiary reflector is partially concealed by the refracted wave at SWYC. Offset between the Cretaceous and
Paleozic reflectors across the fault is 48 m and 49 m respectively.
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Figure 3.12. Dow Chemical Company seismic line M-21. See Figure 3.7 for location. Line begins on the uplift and moves south past the
southern boundary, interpreted as occurring near shotpoint 240, where a package of reflections between 0.2 and 0.3 s to the north of the muted
section arrives later in the seismogram to the south of the muted section.

Figure 3.13. Site map for Barlow transect. Yellow circles are seismic walkaway sites (BARA,
BARB, BARC, BARD, BARE, BARF). Pink line overlapping sites BARB and BARE is the
location of the CDP line. Blue circle is location of borehole from Woolery et al. (2003). Blue
line is location of CDP line from Woolery et al. (2003). B, Barlow, KY; O, Olmsted, IL.
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Figure 3.14. Uninterpreted Barlow walkaway transect. North is to the left; south is to the right. See Figure 3.13 for location map.
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Figure 3.15. Interpreted Barlow walkaway transect. See Table 3.4 for reflection velocities, corresponding thicknesses and stratigraphic unit.
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Figure 3.16. Uninterpreted CDP profile, Ballard Co., KY. Black triangles mark areas that overlap with Barlow walkaway sites. See Figure
3.13 for location map.
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Figure 3.17. Interpreted CDP profile, Ballard Co., KY. Black triangles mark areas that overlap with Barlow walkaway sites. White dashed
circle shows opaque zone where signal coherency is lost. White lines show high angle faults, indicated by abrupt termination of reflectors
and changes in dip of reflectors.

Figure 3.18. CDP profile from Woolery et al. (2003) showing high-angle faulting of Paleozoic
and Cretaceous strata. See Figure 3.7 or 3.13 for location. Reflection depths and characteristics
are similar to the CDP profile from this study. Top, uninterpreted. Bottom, interpreted.
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Figure 3.19. Location map for Reelfoot scarp CDP profile. Red star within the Kentucky bend
scarp marks survey location. The fault continues south, flanking Reelfoot lake. Inset A shows
seismicity in the region between 1974 and 1990. Inset B shows the relationship of the Reelfoot
scarp to the Lake County uplift and the Tiptonville dome (TD). Modified from Van Arsdale et al.
(1995).
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Figure 3.20. CDP profile across Reelfoot scarp, in the Kentucky bend, KY. Top, uninterpreted;
bottom, interpreted. See Figure 3.18 for location. This location is a known fault-bounded uplift.
The expression of the structural architecture here is similar to the expression in the Barlow CDP
profile, including changes in dip of reflectors, and abrupt termination of reflectors where the
signal weakens and reflections lose coherency. From Woolery, personal communication, 2017.
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Figure 3.21. Portion of GPR profile from Ballard Co., KY that overlaps with the CDP profile in Figures 3.16 and 3.17. Top: Uninterpreted,
vertical axis is time (ns). Middle: Uninterpreted, vertical axis is depth (m). Bottom: Interpreted, vertical axis in depth (m). Between 400 m and
500 m, there is a change in character of the radar reflection that is spatially coincident with the opaque signal zone on the CDP image. At
approximately 720 m, there is another anomalous shift in reflections. Note the 10 m depth displayed above corresponds to the uppermost 52 ns of
the CMP profile.

CHAPTER 4. CONCLUSIONS AND FUTURE WORK
Eleven P-wave and six SH-wave seismic walkaways soundings, one SH-wave seismic
CDP profile, and one GPR profile were collected across various parts of the Charleston uplift
boundaries to determine if the uplift has a fault-controlled origin. Specifically, these data
evaluated the tops of the deeper Paleozoic and Cretaceous horizons for vertical variation in their
elevation corresponding kinematically with the Pryne et al. (2013) interpreted uplift identified
from their shallow borehole stratigraphy dataset. Figures 4.1 and 4.2 show elevations of the tops
of Paleozoic and Cretaceous, respectively, along a portion of northern boundary in Missouri.
These maps were made using Petra Geological Interpretation software, gridded with 250 m cells
using an inverse distance squared algorithm and no forced contouring. The contours on either
side of the bounding fault are made from data from only one side of the fault, independent from
data from the other side of the fault. The southern boundary was not included in these figures due
to a lack of sufficient data.
The CDP profile in Ballard County, KY shows a structural architecture consistent with
the propagation of high-angle faulting from Paleozoic strata through at least the top of the
Cretaceous, confirming that the Charleston uplift is a structural, fault-bounded feature that
extends from Missouri and the northern NMSZ into Kentucky. Seismic walkaway data
demonstrate offset reflectors at depth in all transects, and results support the approximate
boundary locations originally postulated by Pryne et al. (2013).
In the East Prairie transect, the top of the Paleozoic is offset by 50 m, the Cretaceous by
60 m, and the Tertiary by 15 m. Wyatt-north showed similar maximum offset, 65 m in the
Paleozoic and 58 m in the Cretaceous. Wyatt-south showed offset of 49 m and 48 m in the
Paleozoic and Cretaceous, respectively. The Barlow transect, where these units are much thinner,
showed the smallest offset in reflectors, 11 m for the top of the Paleozoic and 7 m for the top of
the Cretaceous. This change in magnitude of deformation suggests attenuation of vertical fault
movement in Ballard County, Kentucky. Faults in this area may undergo relatively more strikeslip movement, however the strike-slip sense of motion cannot be quantified through these
methods.
Although vertical displacement can be measured from seismic soundings, the present-day
snapshot of vertical offset is inherently incomplete. The structures controlling faulting in this
region originated possibly as early as the late Proterozoic. Over that time, the mid-continent has
undergone recurrent phases of compression and extension with the repeated formation and
breakup of supercontinents. These tectonic shifts result in changes in stress regime and opposite
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sense of motion along fault planes. Therefore, this data set cannot elucidate the gross amount of
vertical offset occurring since the early stages of the Reelfoot rift.
Interaction of the modern east-west compressive stress regime and the obliquely oriented
strike-slip faults in the New Madrid seismic zone results in a transpressional sense of movement
along many faults; positive flower structures are commonly found such transpressional zones,
particularly in areas where sedimentary rock is relatively weak (Carpentier et al., 2017; Segall
and Pollard, 1980). A positive flower structure is the preferred interpretation for the Charleston
uplift, where the main boundary fault is accompanied by sub-parallel splay faults. Several other
faults in the embayment have also been interpreted as positive flower structures with zones of
splay faults, including the Axial fault, Cottonwood Grove fault, Blytheville arch, and Saline River
fault zone (Guo et al., 2014; Pratt, 2012; Cox et al., 2000). If the Charleston uplift is indeed a
positive flower structure, the traces of the boundary faults may taper at one end. With the data
coverage available, and the lack of control on the southern boundary, the location of the
speculative taper cannot be determined, and therefore an over-simplified portrayal of the surface
traces as two parallel, straight lines is presented. In addition to a taper, these boundary traces
likely express areas of sinuosity along strike, a characteristic noted in other nearby, regional faults
such as the Cottage Grove master fault in the neighboring Illinois basin, described by Duchek et
al. (2004).
Future analysis of the Charleston uplift bounding faults should begin with additional
walkaway soundings both along different portions of the uplift, and also along previously studied
portions to better constrain a target for additional CDP profiles. Yet to be determined is if this
fault system is a narrow zone of displacement or if it is expressed as a broader zone of fault
strands, although CDP data and regional seismic reflection data suggest the latter. Additional
CDP profiles will better illustrate fault geometries and help determine the width of the zone of
structural deformation. Furthermore, using narrower receiver spacing (i.e. 1 m instead of 2 m) at
select segments can help better resolve features related to structural deformation and/or erosional
modification within shallower, younger sediments, with the tradeoff of being more labor
intensive. Marine seismic lines, such as those performed by Guo et al. (2014), in the Mississippi
River, could be performed in the Ohio River to better constrain where the northern fault crosses
this river both west of Ballard County, KY and also to its north, to examine whether these
bounding faults continue back into southern Illinois.
Additional CDP profiles along the bounding faults will also help identify optimal
trenching locations for paleoseismology and neotectonic studies. Not only would trenching
provide the highest level of resolution for studying structural deformation, but it would provide
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the opportunity for recovery of datable material, such as a carbon-rich sample or a quartz-rich
sample for optically stimulated luminescence dating techniques. Absolute age data could be used
to calculate vertical slip rates, as was done in Hao et al. (2013), needed to better understand
seismic hazard in the study area.
Of particular importance to seismic hazard assessment, is understanding the relationship
between the Charleston uplift and neighboring seismogenic faults, particularly the NMNF.
Connecting these boundary faults to the NMNF would add considerable length to the fault,
changing rupture scenario calculations for both future events as well as for constraining the
epicenter of the 23 January 1812 earthquake. Also, the connection between the NMSZ and the
Fluorospar district and Rough Creek graben is poorly understood (Figure 4.3). These grabens are
coeval and interpreted as contiguous at depth based on potential fields data, yet a definitive
structural link has yet to be identified due to the masking effect of Cretaceous sediments in the
northern Mississippi embayment (Wheeler, 1997; Kolata and Nelson, 1991). Faults have been
mapped in the Rough Creek graben and adjacent Fluorspar Area fault complex and Wabash
valley fault system, yet they are concealed beginning at the embayment boundary. Therefore,
examining the northeastern extend of the Charleston uplift may provide clues on whether and
how these provinces are related today.
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Figure 4.1. Elevation map of the top of the Paleozoic along northern boundary in Missouri. Northern boundary is marked by the orange line.
Green line is the Mississippi River. Data points are labeled with elevation and site location name.
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Figure 4.2. Elevation map of the top of the Cretaceous along northern boundary in Missouri. Northern boundary is marked by the orange line.
Green line is the Mississippi River. Data points are labeled with elevation and site location name.

Figure 4.3. Map of intersection of Reelfoot rift and Rough Creek graben. Lines of shaded circles
mark trends of microseismicity; the northernmost trend (Trend 1) is coincident with the
Charleston uplift. From Kolata and Nelson (1991) and Woolery and Street (2002).
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APPENDIX
Full-length GPR profile in two-way travel time (ns)
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Full-length GPR profile with depth conversion
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